In Escherichia coli the genes encoding ribosomal proteins L10 and L7/12, rpU and rplL, respectively, are cotranscribed and subject to translational coupling. Synthesis of both proteins is coordinately regulated at the translational level by binding of L10 or a complex of L10 and L7/L12 to a single target in the mRNA leader region upstream of rpU. Unexpectedly, small deletions that inactivated the ribosome-binding site of the rpIL gene carried on multicopy plasmids exerted a negative effect on expression of the upstream rpU gene. This effect could be overcome by overproduction of L7/L12 in trans from another plasmid. This apparent stimulation resulted from stabilization of the overproduced L10 protein by L7/L12, presumably because free L10, in contrast to L10 complexed with L7/L12, is subject to rapid proteolytic decay. The contribution of this decay mechanism to the regulation of the rpUL operon is evaluated.
In Escherichia coli most ribosomal protein operons are autogenously regulated at the translational level by key ribosomal proteins that act as translational repressors of their own mRNAs (reviewed in references 14 and 19) . However, there are exceptions to this paradigm. In the S10 operon a transcriptional attenuation mechanism is superimposed on the translational control (13) , and the ribosomal proteins of the trmD operon are not autogenously regulated at all but may be controlled by a combination of metabolic regulation at the transcriptional level and protein degradation (28) .
In the rplJL-rpoBC operon ( Fig. 1) , which encodes the ribosomal proteins L10 and L7/12 and the RNA polymerase subunits P and P', the synthesis of both ribosomal proteins is regulated at the translational level by binding of L10 to a single target site in the mRNA leader region upstream of rplJ (2, 3, 10, 29) . L7/L12 is the only ribosomal protein that is present in more than one copy per ribosome: on or off the ribosome four molecules of L7/L12 and one molecule of L10 form a tight complex, previously thought to be a single ribosomal protein, L8, which is also functional as a translational repressor (10) . Although required in different amounts, both proteins are coordinately regulated, since efficient translation of the rplL gene is dependent on translation of the upstream rplJ gene (29) , presumably because the rplL ribosome-binding site is sequestered by long-range RNA base pairing to a region in the beginning of the rplJ cistron when this is not traversed by ribosomes (24) .
In the course of the previous study (24) , I obtained several plasmids carrying small deletions in the rplJL intercistronic region which completely remove the rplL Shine-Dalgarno sequence. In preliminary experiments, none of these constructs appeared to cause significant overproduction of L10, although the promoter, the ribosome-binding site, and the entire coding sequence of the upstream rplJ gene were still intact. Here, I have investigated the mechanism responsible for this unexpected "reverse polarity" in the rplJL operon. The results show that the plasmids with deletions of the rplL Shine-Dalgarno sequence actually do give rise to overproduction of ribosomal protein L10, which is, however, rapidly degraded, with a half-life of approximately 1.5 min. Overproduction of L7/L12 in trans from another plasmid prevented degradation of the overproduced L10 protein, presumably because L10 is protected against proteolytic attack by incorporation into the L8 complex. Due to the instability of free L10, translational feedback repression of rplJ on plasmids with deletions of the rplL Shine-Dalgamo sequence was partially alleviated compared with that in plasmids that express both rplJ and rplL. These results underscore the importance of L7/L12 for maintenance of feedback regulation as part of the L8 complex. In a haploid strain there was no detectable decay of L10, which indicates that L7/L12 is normally synthesized in more than fourfold molar excess relative to L10.
MATERIALS AND METHODS
Strains and media. In all experiments with plasmids containing the lac promoter, I used a host strain that overproduces the lac repressor: E. coli K-12 NF1830 araD139 A(araABOIC-leu)7679 galUK A(lac)X74 rpsL thi recAl(F' 1acP1 lacZ::Tn5) (23) . In all other experiments the host strain was NF1815, which is the F-parent strain of NF1830. Bacteria were cultured in glycerol minimal medium as previously described (23) . When appropriate, the lac promoter was induced by addition of isopropyl-p-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM.
Plasmids. DNA manipulations, transformations, and restriction analyses were performed by standard procedures (15) . Maps of the key plasmids used in this study are shown in Fig. 1 together with a map of the rplJL-rpoBC operon. All sequence coordinates refer to the DNA sequence in reference 26.
To construct pCN200, an XhoI-Sall fragment (base pairs 1493 through 2940) carrying the rplJL genes and most of the leader sequence was isolated from pNF2592 (obtained from N. Fiil) and inserted into pCNP3-S (23) (base pairs 2243 through 2940) between a Sall site in the beginning of lacZ and the Sall site in the tet gene of plasmid pCN185, which is identical to pCNP3 (23) except that the HindIII site upstream of the SalI-XhoI junction has been filled in with DNA polymerase I to create an in-frame UAG stop codon preventing translation from the lac start from reading into the rplL sequence. The XhoI site (position 2243) used in the construction of pCN220 was generated by insertion of an XhoI linker after digestion with exonuclease Bal 31 from the HindIII site (position 2154) as described previously (24) .
Plasmid pNF2524 (from N. P. Fiil) is a derivative of pACYC184 (1) in which a BglII-SalI fragment (base pairs 897 through 2940) from the L10 operon has been inserted between the BamHI and SalI sites in the tet gene (24) . To construct pCN229, a PvuII-BssHII fragment (base pairs 977 through 1782), which carries a mutation in the rplJ leader that abolishes feedback regulation, was isolated from pJF3241 (7) and inserted into pNF2524 between the EcoRV site in the tet gene and the BssHII site in rpUJ (position 1782). Deletions between the rpUJ and rplL genes were constructed by nuclease Bal 31 digestion as described previously (24) and inserted into the various plasmids on HindIII-EcoRI fragments (base pairs 2154 through 2444).
Labeling of protein and gel electrophoresis. At an A436 of 0.5, cultures were labeled with 20 ,uCi of L-[35S]methionine (1,134 Ci/mmol; New England Nuclear Corp.) per ml for the indicated time periods followed by a chase with 10 IlI of nonradioactive methionine (10 mg/ml) per ml. In doublelabeling experiments, cultures were prelabeled with 2 ,uCi of L- [4, Ci/mmol; New England Nuclear) per ml for 15 min followed by a chase of at least 10 min with 0.5 p,l of nonradioactive lysine (10 mg/ml) per ml. Proteins were separated by electrophoresis either in 19% polyacrylamidesodium dodecyl sulfate gels (11) or in the two-dimensional gel system of O'Farrell et al. (20) . After autoradiography on AGFA Curix X-ray film, spots were cut out of the dried gel, and radioactivity was measured by liquid scintillation counting as described by Pedersen et al. (22) .
RESULTS
Deletion of the L7/L12 Shine-Dalgarno sequence prevents accumulation of L10. In the course of a previous study on the mechanism of the translational coupling between the rplJ and rplL genes, I constructed a set of deletions in the intercistronic region by limited digestion with exonuclease Bal 31 (24) . In addition to the previously described deletions (Al and A5; Fig. 2 ), I obtained deletions that completely removed the rplL Shine-Dalgamo sequence (Ala, A3a, and A5a; Fig. 2 ). Although the sequence GAGG of the substituting XhoI linker still provides some complementarity to the 3' end of 16S rRNA, these deletions severely reduced expression of an rplL-lacZ gene fusion (C. Petersen, unpublished data), presumably because of the short distance (two nucleotides) between the artificial Shine-Dalgarno sequence and the initiation codon. In contrast, the shorter deletions (Al and A5; Fig. 2 ) ending in the middle of the rplL ShineDalgarno sequence hardly reduced the efficiency of the rplL ribosome-binding site when the upstream rpIJ cistron was translated, probably due to the more appropriate spacing of the modified Shine-Dalgarno sequence and the initiation codon in these constructs (24) .
The intercistronic deletions were inserted into plasmid pCN200 (Fig. 1) , which carries the intact rplJL genes under control of the lac promoter, and their effects on gene expression in vivo were monitored by a 30-s pulse, 3-min chase labeling with [35S]methionine (Fig. 3) . Although all of the plasmids were identical except for the deletions in the rplJL intercistronic region (Fig. 2) (Fig. 2) , might be necessary for L10 production by acting in cis, for instance, by stabilizing the polycistronic transcript. Alternatively, overproduction of the L7/L12 protein itself might be necessary in trans for stimulation of L10 overproduction. To distinguish between these possibilities the following experiment was performed.
Strain NF1830 was cotransformed with two plasmids. The first, pCN229A3a, is a derivative of pACYC184 (1) and carries the L10 promoter and the intact rplJL genes separated by an intercistronic region with the A3a deletion, which inactivates the rplL ribosome-binding site ( Fig. 1 and 2 ). In addition, pCN229A3a carries a point mutation in the rplJ leader (base pair 1548, C to T), which was previously isolated by Friesen et al. (7) and shown to abolish translational repression of rplJ. The second plasmid, pCN220 (Fig.  1) , is a derivative of pBR322 and carries the rpIL gene under control of the lac promoter. Due to the high level of lac repressor in NF1830, this gene could be kept fully repressed until induced by the addition of the gratuitous inducer IPTG. Both plasmids could be stably maintained in the same strain by continuous selection for resistance to chloramphenicol and ampicillin conferred by the cat gene of pCN229A3a and the bla gene of pCN220, respectively.
The overproduction of L10 and L7/L12 in the doubly transformed strain before and after the addition of IPTG to the culture was monitored by a 30-s pulse, 30-min chase wt Ala Al A5a A5
labeling with [35S]methionine (Fig. 4) Overproduction of L7/12 prevents degradation of L10. In the initial experiments described above, the incorporation of [35S]methionine into L10 was thought to reflect the synthesis rate of this protein. However, several additional observations hinted the possibility that free L10, but not L10 bound to L7/L12 in the L8 complex, might be subject to rapid proteolytic degradation, so that the apparent lack of L10 overproduction in the absence of L7/L12 overproduction was actually due to decay of the pulse-labeled free L10 protein during the 3-min chase period in the previous experiments. To test this possibility, I measured the stability of pulse-labeled L10 protein before and after induction of (Fig. 5) .
At least 60% of the newly synthesized L10 from pCN229A3a was rapidly degraded during the chase period in the absence of IPTG, whereas induction of L7/L12 from pCN220 resulted in nearly complete stabilization of L10 (Fig. Sa) . Because of the background due to other proteins that are comigrating with L10 in this one-dimensional gel system, the 60% is a minimal estimate of the fraction of L10 molecules that are unstable in this strain. A control experiment with two-dimensional gels showed that 80% of the pulse-labeled L10 molecules may be subject to degradation (see below). As expected, synthesis of L7/L12 was greatly stimulated by the addition of IPTG, and the overproduced L7/L12 was stable (Fig. 5b) , which is also the case when L7/L12 is overproduced in the absence of L10 overproduction (Fig. 4, lane 4 ; unpublished data). An arbitrarily chosen control protein of approximately 20 kilodaltons was also stable and unaffected by the addition of IPTG (Fig. 5c) . From the decay kinetics of L10 in the absence of IPTG, the half-life of free L10 was estimated to be approximately 1.5 min (Fig. 5d) .
Contribution of the decay mechanism to rpUL regulation? To assess the extent to which this vigorous decay mechanism contributes to the regulation of L10 production under more normal conditions, I performed a pulse-chase experiment with four strains, the first of which carried the vector pACYC184 and thus contained only the chromosomal copy of the rplJL genes. The second strain contained a plasmid, pNF2524 (Fig. 1) , which carries the L10 promoter and the rplJL genes preceded by the wild-type leader and intercistronic regions. The third strain contained plasmid pNF2524A3a, which is identical to pNF2524 except for the A3a deletion of the rplL Shine-Dalgarno sequence (Fig. 2) , and the fourth strain contained pCN229A3a (Fig. 1) , which in addition carries the leader mutation that abolishes feedback repression.
The cultures were pulse-labeled for 10 s with [35S]methionine, and samples were harvested after 15 s or 10 min of chase with nonradioactive methionine. After the experiment, the samples were mixed with samples of a parallel culture of the strain containing pNF2524, which had been labeled with [4,5- 3H]lysine as described above for prelabeling. Proteins were separated on two-dimensional gels, and the 35S/3H ratio in the L10 spot was determined. Since samples of the same 3H-labeled culture were used for all samples, the 35S/3H ratio in the L10 spot divided by the same ratio in total trichloroacetic acid-precipitable protein reflects the relative amounts of pulse-labeled L10 protein in each of the samples. These results are given in under conditions of exponential growth in glycerol minimal medium with equal gene dosage of the rplJ and rplL genes preceded by the wild-type regulatory region. Under these conditions, the synthesis rate of L7/12 appeared to be sufficiently high to sequester all the newly synthesized L10 protein in L8 complexes. This result is in agreement with the apparent lack of stimulation of L10 accumulation by induction of the pCN220 rpIL gene in the strain harboring pACYC184 (Fig. 4, lanes 3 and 4) . In the strain containing pCN229A3a, L10 was overproduced nearly eightfold compared with production in the strain with pACYC184, but 80% or more of the newly synthesized L10 protein was degraded during the 10-min chase period. The corresponding plasmid with the wild-type leader sequence, pNF2524A3a, also showed significant decay of L10; however, the rate of L10 synthesis in this strain was much lower than that in the strain with pCN229A3a. This indicates that the rpUJ gene of pNF2524A3a was still subject to some translational repression in spite of the low synthesis of L7/L12 from this construct, which would be expected to result in a smaller pool of L8 repressor. Nevertheless, as inferred from the samples chased for 15 s, the rate of synthesis of L10 in the strain carrying pNF2524A3a was significantly increased compared with that in the strain with pNF2524, which probably had a larger steady-state pool of L8 due to the higher rate of L7/L12 synthesis from this plasmid.
DISCUSSION
The present data show that ribosomal protein L10 is rapidly degraded when synthesized in an excess of ribosomal protein L7/12, most likely because free L10, as opposed to L10 in the L8 complex, is subject to proteolytic attack. The physiological significance of this instability is unknown. The fact that no decay of L10 was observed under conditions of balanced gene dosage of intact rplJ and rpiL genes indicates that the free pool of L7/L12 is normally sufficient to sequester all of the newly synthesized L10 in L8 complexes. This finding is consistent with the observed stability of L7/L12 (Fig. 4 and Sb) and previous reports of a relatively large pool of free L7/L12 in the cytoplasm (16, 27) . Thus, it seems unlikely that proteolytic decay of free L10 contributes significantly to the maintenance of the 4:1 ratio of L7/L12 to L10 in normal haploid strains, although this may be the case under growth conditions different from those tested here.
However, it seems more likely that proteolysis is some kind of safeguard mechanism protecting the cell from possible deleterious effects of a large pool of free L10. If, for instance, free L10 were stable and unable to be assembled into ribosomes, as suggested by the finding that free L10, in contrast to L8, does not bind to 23S rRNA (4; but see also reference 25), then any transient accumulation of L10 alone would lead to a locked situation in which no more L8 could be generated for incorporation into ribosomes due to the repression of L7/L12 synthesis by free L10.
The observed instability of free L10 and the apparent excess of L7/L12 raise the question of whether free L10 actually functions as a translational repressor in vivo. If formation of the L8 complex is normally limited by the available amount of free L10, then any experimental setup designed to increase the pool of free L10 would probably also increase the pool of L8, which might be the true intracellular repressor. However, an L10 protein truncated at its C terminus, which is thought to be involved in binding to L7/L12 (12) , has been observed to function as a translational repressor, albeit with reduced efficiency (6) . This suggests that free L10 at least has the ability to function as a repressor, but the relative contributions of free L10 and L8 to the total intracellular repressor pool remain to be established quantitatively. Although L7/L12 per se does not appear to act as a repressor (29) , the finding that pNF2524A3a was partially derepressed with respect to L10 synthesis compared with pNF2524 (Table 1) indicates that the L7/L12 protein synthesized from pNF2524 contributed significantly to feedback repression by stabilizing L10 in the L8 complex, thereby increasing the total pool of repressor.
Previous studies have shown that ribosomal proteins may be rendered unstable by inhibition of ribosome assembly (18, 21) , and some ribosomal proteins may even be degraded when overproduced under more normal growth conditions (5, 28) . In analogy with L10 and L7/L12, the a subunit of integration host factor is very unstable when synthesized in excess of the 13 subunit (17), as are mutant forms of the A cII protein that are unable to assemble into tetramers (9) . All of these observations suggest that rapid degradation of free individual subunits of protein aggregates may be quite common, although the identities and the specificities of the responsible proteases are unknown. The gene products of the Ion and recA genes have been implicated in the decay of several regulatory proteins in E. coli (reviewed in reference 8), but neither of these proteins appears to be involved in the degradation of L10. All of the present experiments were carried out with recA mutant strains, and L10 appeared to be degraded normally in preliminary experiments with strains carrying mutant alleles of the Ion gene (C. Petersen, unpub- lished data).
It is well known that mutant or otherwise abnormal proteins may be particularly unstable in E. coli (8, 9, 18, 21) ; however, I am convinced that the instability of free L10 reported here was not due to some unrecognized fortuitous mutation specific to the rpUJ gene carried on the present set of plasmids. Decay of free L10 has been observed for several plasmids derived independently from Xrif'18 (unpublished data), which has been the source of the DNA used in most studies on the rplJL genes, including the sequencing of the operon (26) . Furthermore, the plasmid-encoded L10 protein appears to be perfectly normal in the sense that it comigrates with chromosomally encoded L10 in two-dimensional gels, it represses the synthesis of chromosomally encoded L7/L12 when overproduced under control of the lac promoter (unpublished data), and it appears to be able to bind to L7/L12 as inferred from the specific stabilizing effect of this protein.
